Introduction
============

Osteoporosis is a disease causing skeletal fragility due to low bone mass or architectural changes in bone structure, and results in fractures from low impact. It is also a disease that increases with the age of the patient. Throughout adult life, the skeleton turns over or remodels to remove old bone tissue and lays down new bone tissue. Bone remodeling is a tightly coupled process in which an area of the bone undergoes osteoclastic bone resorption and then the location of the bone resorption is filled in by osteoblasts. This bone remodeling cycle is synchronized, with resorption and formation being equal, until metabolic or lifestyle changes occur that unbalance the system \[[@B1]\]. Events such as the menopause, taking glucocorticoids, or aging are examples of situations in which bone resorption is greater than bone formation, with a resulting loss of bone mass and structure. In adults, most bone diseases are in bone remodeling, while in children many bone diseases result from remodeling defects \[[@B1]\].

Over the past 10 years, many patients with osteoporosis have been treated with antiresorptive agents (estrogens, bisphosphonates, calcitonin) that reduce osteoclast bone resorption. These agents prevent bone from being broken down, allow remodeling spaces to fill in, and improve bone strength and reduce fracture risk. These agents introduced both the prevention of and treatment of osteoporosis \[[@B2]-[@B4]\].

Today, another type of bone-active agents is available in the United States, recombinant human parathyroid hormone (rhPTH) (1--34), which can increase bone mass and strength, and treatment with these bone agents is referred to as \'anabolic therapy\'. These anabolic bone-active agents primarily work by stimulating new bone formation on quiescent bone surface that is not simultaneously undergoing remodeling. In addition, these agents increase bone mass to a greater degree than just filling in the bone remodeling space. These new agents have the potential to restore bone mass, bringing it back toward normal, and may reduce the risk of osteoporotic fracture more than the currently available antiresorptive agents.

This article provides an overview of a number of anabolic therapies, including parathyroid hormone (PTH), growth hormone (GH), insulin-like growth factor (IGF) 1, strontium, fluoride, bone morphogenetic protein (BMP)-2, BMP-7 (also called osteogenic protein-1 \[OP-1\]), basic fibroblast growth factors (bFGFs) and vascular endothelial growth factor (VEGF), as examples of approved anabolic therapies and those currently under development. Since a number of excellent reviews on anabolic agents have been published in the past few years, we refer the reader to additional reviews on some of these anabolic agents \[[@B5],[@B6]\].

Parathyroid hormone
===================

Proposed mechanisms of action
-----------------------------

Hyperparathyroidism is associated with a continuously high serum level of PTH, and bone loss occurs over time \[[@B7],[@B8]\]. However, when PTH is administered by a daily subcutaneous injection, an increase in bone mass occurs in both animals and humans \[[@B9]-[@B12]\]. In humans, the anabolic effect of PTH is most pronounced in the trabecular bone. However, histomorphometric studies of iliac crest biopsies from clinical studies of PTH find both thickened trabeculae and increased cortical cross-sectional diameter and increased trabecular number and connections \[[@B12]\]. This could result from PTH stimulating bone-forming cells on the trabecular surface. In addition, by increasing the production of FGF and IGF-1 in the localized bone environment, osteoprogenitor cells adjacent to the endocortical bone surface are stimulated to differentiate into osteoblasts and form osteoid, new bone spicules, and connections \[[@B13],[@B14]\]. Interestingly, PTH injections also stimulate the osteoclast-stimulating cytokines (receptor activator of nuclear factor κB ligand \[RANKL\] and IL-6), thus increasing bone reasorption simultaneously with the bone-formation actions \[[@B15]-[@B20]\]. However, both animal and clinical studies show that PTH exerts major action on bone formation on the trabecular bone surface, followed by some periosteal and endocortical bone surfaces. The bone resorption appears to be localized haversian remodeling within the cortical bone wall \[[@B5],[@B12],[@B21]\] (Fig. [1](#F1){ref-type="fig"}).

PTH treatment for postmenopausal osteoporosis
---------------------------------------------

Recombinant human PTH (1--34) has now been approved in the United States as monotherapy for the treatment of postmenopausal women with osteoporosis and men with low bone density and osteoporosis. Neer and colleagues performed a large placebo-controlled trial using daily rhPTH (1--34) of 20 or 40 μg, or placebo, for a median follow-up of 21 months \[[@B11]\]. With both rhPTH (1--34) doses, lumbar spine bone mineral density (BMD) increased by 9 to 13%, femoral neck BMD increased by up to 3%, and radial BMD decreased by 2 to 4% \[[@B11]\]. However, compared with placebo-treated subjects, the risk of new vertebral fractures was reduced in both groups given rhPTH (1--34) by about 65% and the risk of nonvertebral fractures was reduced by about 35%. Interestingly, patients treated with rhPTH (1--34) had less back pain and less height loss than placebo-treated patients. Adverse side effects including headache, nausea, and hypercalcemia were reported in 3% of subjects in the 20-μg group and 11% in the 40-μg group \[[@B5],[@B11]\]. The daily dose of rhPTH (1--34) approved by the US Food and Drug Administration is 20 μg a day by subcutaneous injection for up to 24 months \[[@B5],[@B11],[@B13]\].

PTH treatment in men with osteoporosis
--------------------------------------

Two randomized, placebo-controlled studies with PTH were done in men with osteoporosis. Kurland and colleagues randomized men to either PTH (1--34) or placebo for 18 months. Lumbar spine BMD increased by 14% and femoral neck BMD increased by about 3% with PTH in comparison with the placebo-treated group \[[@B12],[@B22]\]. The investigators also performed iliac crest biopsies on eight subjects before and after PTH treatment and performed standard two-dimensional histomorphometry and microcomputed tomography for a three-dimensional assessment. The three-dimensional assessment of trabecular bone showed an increase in trabecular bone volume and trabecular connections \[[@B12]\]. The histomorphometric assessment showed bone formation on both the periosteal and endocortical surface, with a suggestion of less erosion surface. The investigators suggested that PTH might be improving bone mass and bone strength by producing a positive bone balance during remodeling \[[@B5],[@B12],[@B22]\].

Orwoll and colleagues performed a large randomized, placebo-controlled trial of PTH in 437 men with osteoporosis (either idiopathic or hypogonadal) \[[@B23]\]. The men were randomized to placebo or 20 or 40 μg of daily subcutaneous injections of rhPTH (1--34) for an average duration of 11 months. The BMD of the lumbar spine increased in the treatment groups by 6 to 9% and the femoral neck BMD by 1.5 to 3%, and the radial BMD decreased by \<1%. Study subjects followed up for 18 months after discontinuation of PTH had a nearly 50% reduction in the risk of vertebral fracture \[[@B23]\].

PTH in combination with other antiresorptive agents
---------------------------------------------------

Previously, there was a concern that PTH treatment would increase the trabecular bone mass at the expense of cortical bone. To protect the skeleton from enlarged remodeling space created by PTH treatment as well as to attempt to obtain further gain in bone density and prevent any decline, a number of investigators evaluated the use of PTH in the presence of antiresorptive agents that would prevent cortical bone remodeling and bone loss. Initial combination studies were performed with hormone replacement therapy (HRT), since bisphosphonates were not yet available. Current combination studies are evaluating bisphosphonate treatment together with or after PTH therapy \[[@B5]\].

Lindsay and colleagues performed the initial randomized, controlled trial of estrogen with PTH (1--34) in postmenopausal women with osteoporosis for 3 years \[[@B24]\]. PTH treatment resulted in BMD increases in the lumbar spine of nearly 13% and in the total hip of about 4%. The incident vertebral fracture risk was also reduced in the PTH-treated group \[[@B5]\].

Roe and Arnaud and colleagues performed an randomized, controlled trial of PTH (1--34) at 40 μg per day with HRT in postmenopausal women for 2 years \[[@B25]\]. After 2 years, the BMD of the lumbar spine as measured by dual-energy x-ray absorptiometry increased by nearly 30% and that of the femoral neck increased by about 8%, in comparison with estrogen alone. Quantitative-computed-tomography measurements of the lumbar spine for trabecular bone volume increased by nearly 80% in the PTH-treated group compared with the placebo group \[[@B25]\] and three-dimensional quantitative computed tomography of the hip showed significant increases in cortical bone thickness directed centrally on the endocortical surface of the femoral neck \[[@B26]\]. However, since the newly formed bone on the endocortical surface was less mineralized than the cortical bone in the hip, the real changes in hip cortical bone were not well reflected by BMD, because it is a ratio of bone mineral content to bone area.

Recently, Rittmaster and colleagues conducted a randomized, controlled trial with PTH (1--84) treatment for 1 year, followed by alendronate (10 mg/day) for 1 to 2 years \[[@B27]\]. After the 2-year treatment period, the group given a high dose of PTH had about a 14% increase in lumbar spine BMD; however, the placebo group that was treated with alendronate for the second part of the study had a gain of about 6%. It appears that PTH treatment followed by a bisphosphonate was additive in this study. One explanation for the additional gains in bone mass after PTH therapy is that PTH increased bone mass but also opened up remodeling space, especially in the cortical bone compartment. Alendronate treatment allowed remodeling space opened up by PTH to fill in, thereby allowing a substantial increase in bone mass. Whether this type of sequential therapy of an anabolic agent followed by an antiresorptive agent will reduce the risk of fracture is not known. However, additional studies should now be performed to assess whether fracture risk is reduced with this type of sequential therapy \[[@B28]-[@B30]\].

Since PTH has been approved for the treatment of osteoporosis, a number of questions have arisen. At present, we do not know if the combination of PTH plus a bisphosphonate will be additive or synergistic to the anabolic bone response \[[@B28]-[@B30]\]. Also, we are not sure if patients who have been treated for several years (\> 3) with a bisphosphonate such as alendronate will have a good anabolic response to PTH. Small pilot studies suggest that patients who are treated for 3 years with a bisphosphonate, alendronate, and are then treated with PTH have a delayed response in biochemical markers of bone turnover and increases in bone mass over the first year compared with patients treated with raloxifene for 3 years prior to PTH \[[@B31]\]. Additional research is needed to determine when best to prescribe PTH in patients chronically treated with a bisphosphonate. At this time, there is no contraindication to treating patients with PTH that have been treated with a bisphosphonate; however, we have no data to support the use of the PTH with a bisphosphonate.

The approval of rhPTH (1--34) was a dramatic step forward in the treatment of osteoporosis. However, a number of other PTH fragments are now being studied. Some are at the preclinical stage and some have gone on to clinical evaluation. Examples are listed but are not limited to PTH (1--84), PTHrP, PTH (1--31), PTH (2--34), PTH (8--84), and PTH (1--28), PTH (13--34), PTH (3--34) \[[@B13]\]. Interesting results were reported from a small placebo-controlled clinical trial of women with osteoporosis who were treated for 3 months with PTHrP \[[@B32]\]. The study subjects had a 4.7% increase in lumbar spine mass in the PTHrP group, associated with an increase of 60% above the baseline level in the serum osteocalcin, a measurement of bone formation. However, during this 3-month study, the bone resorption markers serum N-telopeptide (NTX) crosslinks and urine deoxypyridinoline (DPD) crosslinks did not change from the baseline levels in the PTHrP or the placebo group \[[@B32]\]. These results suggest that PTHrP, unlike PTH (1--34), may be a more effective uncoupler of bone turnover, as PTHrP did not increase bone resorption at 3 months while all clinical studies of PTH (1--34) and PTH (1--84) show bone resorption markedly increased by 3 months. Additional, large and longer-term studies are needed to determine the durability of this finding \[[@B32]\].

Growth hormone and insulin-like growth factor 1
===============================================

GH is critical for the development and maintenance of bone mass \[[@B33]\]. It exerts its bone effects via IGF-1. GH secretion decreases with aging, and therefore so does that of IGF-1. GH deficiency is associated with an increased incidence of fracture in adults \[[@B34],[@B35],[@B5]\]. Studies have suggested that recombinant human GH may improve muscle and bone mass in men over 60 years of age \[[@B36]\], and recombinant human GH has been shown to improve muscle and bone mass in patients with GH deficiency, and has been approved by the Food and Drug Administration for this use.

Mechanisms for the role of IGF-1 in bone metabolism have yet to be clearly defined \[[@B37]\]. In the process of bone remodeling, once bone resorption occurs, growth factors, e.g. IGFs and transforming growth factors (TGFs), are released from bone matrix and promote the recruitment of osteoblasts and osteoclasts to the bone surface. Mice, which lack the IGF-1 gene, have relatively low cortical bone density. IGFs are present in the skeleton, as well as circulation. Type I IGF receptors are present on both osteoblasts and osteoclasts. Most skeletal IGF-1 is derived from local osteoblasts and plays a role in cell differentiation in the osteoblast lineage. Hormones known to exert effects on bone turnover in part regulate IGF-1 expression. Specifically, PTH and estradiol have been shown to enhance IGF-1 transcription in rats \[[@B5],[@B37]\].

There has been concern about the safety of therapeutic GH/IGF-1, because of epidemiologic studies suggesting an association of normal to high serum IGF-1 levels with breast, prostate, and colon cancer \[[@B38]-[@B40]\]. Also, use of GH may result (theoretically) in direct metabolic side effects such as diabetes mellitus.

However, GH has been used in osteoporosis studies. Recently, Landin-Wilhelmsen and colleagues performed a randomized, placebo-controlled trial of postmenopausal women with osteoporosis \[[@B41]\]. The use of subcutaneous recombinant human GH for 18 months in combination with HRT, followed by HRT alone for 30 additional months, resulted in a 14% increase in lumbar spine bone mineral content at the 4-year follow-up versus HRT and placebo. Interestingly, not only did the group given HRT + GH experience an increase in the bone mineral content of the spine and hip within the group and relative to the HRT-only group, but also the lumbar spine and femoral neck bone area was increased from baseline to year 4 in the group given HRT + GH \[[@B41]\]. Therefore, these results demonstrate that GH with HRT was more effective than HRT alone at increasing both bone mineral content and bone size. However, additional studies will need to be performed to determine if the risk of fracture is reduced by GH therapy and if GH has a reasonable safety profile, given that the action of GH on bone is through IGF-1. Finally, the risk of cancer in this group of patients is unknown.

Strontium
=========

Strontium is chemically similar to calcium and has been shown to play both an anabolic and an antiresorptive role in bone metabolism, in both preclinical and clinical studies \[[@B5]\]. Recent clinical studies, reviewed below, have demonstrated a therapeutic role for strontium ranelate in postmenopausal osteoporosis.

The anabolic and antiresorptive properties of strontium on bone have been demonstrated *in vitro*. Strontium increases the synthesis of collagen and other proteins in osteoblasts and has been shown to increase replication of osteoblast progenitor cells \[[@B5],[@B42]\]. It has been shown to directly induce inhibition of osteoclast bone resorption in rat osteoclast assays incubated with bone slices and to inhibit osteoclast differentiation in a chicken bone marrow culture. In preclinical rat studies, Marie and colleagues reported that treating ovariectomized osteopenic rats with a strontium salt for 60 days improved the bone mineral content and increased the trabecular bone volume to the levels found in sham-treated rats \[[@B43]\].

A large, randomized, double-blind, placebo-controlled trial (PREVOS) was performed to determine if strontium can prevent bone loss due to estrogen deficiency \[[@B44]\]. Strontium treatment (1 g/day) for 2 years in early postmenopausal women gave significant improvements in bone mineral density compared with the placebo, in the lumbar spine (by about 2.4%), femoral neck (3.3%), and total hip (4.1%) (*P*\< 0.001). More recently, in a phase III study, the SOTI trial \[[@B45]\], 1649 postmenopausal women with osteoporosis were randomized to treatment with strontium (2 g/day) or placebo. Strontium ranelate reduced the risk of new vertebral fracture over 3 years by 41% compared with placebo (*P*\< 0.001). Another phase III study, TROPOS (treatment of peripheral osteoporosis) was performed using strontium \[[@B46]\]. This study was a randomized, double-blind, placebo-controlled trial with 5091 postmenopausal women, to determine the efficacy of oral strontium ranelate at preventing new nonvertebral fractures and on femoral neck BMD. The treatment group showed a significant increase of femoral neck BMD, by 6.5% of baseline values, and a 33% decreased risk of new nonvertebral fractures (*P*\< 0.001). Both studies demonstrated an uncoupling of bone turnover, as the bone formation marker serum alkaline phosphatase increased with strontium treatment and the bone resorption marker serum C-terminal telopeptide of collagen I decreased. This uncoupling of bone turnover, with formation increasing and resorption decreasing, may lend support to the anabolic and antiresorptive properties of strontium on bone. While the adverse event profile was favorable for strontium in both large randomized studies, both additional safety and a better understanding of the bone actions of strontium ranelate are still required.

Statins
=======

One of the most interesting findings in the bone field recently is the observation that lipophilic 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins), specifically lovastatin, atorvastatin, cerivastatin, pitavastatin, and simvastatin, may alter bone metabolism \[[@B13]\]. Recent attention has focused on the role of statins, widely prescribed for treatment of cardiovascular disease, as agents capable of promoting bone growth. Possible mechanisms of statins in bone formation involve stimulation of BMP-2 and endothelial nitric oxide synthase (eNOS) \[[@B13],[@B47]-[@B50]\]. Statins have been shown to stimulate BMP-2 synthesis in cultured animal and human bone cells. eNOS is found sequestered in invaginations of the osteoblast membrane. Knockout mice lacking the eNOS gene demonstrate reduced bone formation. Statins have been shown to increase the expression and activity of the eNOS gene and to inhibit eNOS-induced osteogenesis in the mouse calvaria system. In studies with human osteoblasts, however, eNOS inhibition did not prevent the action of statins on bone formation \[[@B48],[@B49],[@B13]\].

Preclinical animal studies found statins decreased glucocorticoid-induced bone loss in rabbits and increased bone formation in mouse calvariae \[[@B47],[@B51]\]. In both preclinical rat studies and a small clinical study measuring serum markers of bone remodeling in 14 postmenopausal women using statins, a relative decrease was found in markers of bone resorption, but there was no change in markers of bone formation \[[@B13],[@B52]\].

The clinical studies evaluating statins and bone effects have been from observational cohorts of women taking statins or from data obtained from randomized, controlled clinical trials with information on statin use and fracture endpoints. A meta-analysis of these data report a statistically significant 57% reduction (CI 0.25--0.75) in the risk of hip fractures and nonspine fractures 0.69 (CI 0.55--0.88) \[[@B53]\]. However, the effects of statins on bone was also evaluated in two large randomized, placebo-controlled studies in which reduction of cholesterol and cardiovascular endpoints were the primary outcomes \[[@B54],[@B55]\]. In both of these randomized controlled studies, statins did not reduce the risk of fracture. Also, in another large clinical study, the Women\'s Health Initiative Study, women who used statins did not have a significant decrease in fractures after 3 years \[[@B56]\]. While individuals entering a statin trial for cardiovascular disease or the Women\'s Health Initiative may not have osteoporosis or risk factors for osteoporosis, it does bring into question whether statins have a bone effect that we can measure clinically. Therefore, until a study of statins is performed that evaluates the effects on fracture reduction in patients with osteoporosis, definite recommendations of statin for bone health cannot be made.

Growth factors and bone morphogenetic proteins
==============================================

Cytokines expressed during bone formation either from fractures or from other anabolic hormones (PTH, GH) are potential therapeutic agents for stimulating bone growth and bone repair. These include, but are not limited to, IGF-1, TGF-βs, fibroblast growth factors (FGFs), VEGF, and BMPs \[[@B5],[@B13]\].

Transforming growth factor β
----------------------------

Osteoblasts and adipocytes are derived from bone marrow mesenchymal stromal cells. TGF-β is the most abundant bone growth factor \[[@B57]\]. It is stored in bone matrix and released during bone resorption. TGF-β plays a role in proliferation, differentiation, and cytokine expression of bone. It has been shown to increase bone matrix formation in rats and in cultured human bone marrow fibroblasts. Its administration in *in vitro*experiments resulted in increased cell growth and increased matrix proteoglycan secretion and collagen synthesis. It also reduced adipogenesis (which is increased in osteoporosis). Additionally, TGF-β was shown to increase VEGF expression by osteoblasts in fetal rat calvarial cells \[[@B58]\].

Fibroblast growth factor
------------------------

FGFs have been shown to act as mitogens on fibroblasts, osteoblasts, and chondrocytes, cells involved in bone growth and fracture healing. In cultured human bone marrow fibroblasts, administration of bFGF yielded an increase in fibroblast colony and size. bFGF administered to growing rats resulted in an increase of the numbers of osteoblast precursor cells, followed by an increase of osteoblasts, and ultimately an increase in endosteal and endochondral bone formation \[[@B59]\]. Pun and colleagues \[[@B60]\] and Lane and Wronski \[[@B14],[@B61],[@B62]\] have demonstrated increased cortical bone mass and trabecular bone spicule formation within tibial diaphysis and metaphysis of ovariectomized osteopenic rats treated with bFGF. Interestingly, bFGF and PTH, when given to osteoporotic ovariectomized rats for 6 weeks, resulted in similar increases in trabecular bone volume; however, bFGF increased the number of trabeculae and the connectivity whereas the major effect of PTH is on trabecular thickness \[[@B62]\].

Vascular endothelial growth factor
----------------------------------

VEGF is a growth factor that is known to induce neovascularization and is expressed by osteoblasts. It has been shown to promote osteoblast differentiation and migration, as well as to be essential in bone healing \[[@B63]\]. In addition, the bone-forming actions of PTH may result from production of VEGF that increases both differentiation of mesenchymal cells to osteoblasts and endothelial cells. Street and colleagues have demonstrated that inhibiting VEGF function in mice with femoral fractures decreased bone formation and callus mineralization. In mouse femur and rabbit radii fracture models, local application of slow-release VEGF improved callus calcification and volume \[[@B63]\].

Bone morphogenetic protein-2
----------------------------

Recombinant human bone morphogenetic protein (rhBMP)-2 plays an important role in bone formation and has been shown to enhance fracture healing. It has been shown to induce mesenchymal differentiation into osteoblasts by promoting recruitment of osteoprogenitor cells. BMP-2 has also been shown to stimulate transcription of the *cbfa1*gene, which is essential for osteoblast differentiation \[[@B64]-[@B66]\]. In fracture healing, there is increased BMP receptor expression in osteogenic cells near the fracture, in fibroblast-like spindle cells, and in fibroblasts involved in endochondral ossification \[[@B67]\]. Welch and colleagues showed that rhBMP-2 enhanced tibial fracture healing in goats \[[@B68]\]. Subsequently, Bouxsein and colleagues, in a placebo-controlled study, showed improved ulnar \'osteotomy\' healing in mature rabbits that were treated with an absorbable collagen sponge containing rhBMP applied to the osteotomy site \[[@B69]\]. In their study, osteotomy healing time was reduced by 33%, the area of mineralized callus was 20--60% greater as measured by quantitative computed tomography scanning, and histologically the callus appeared more symmetric in the rhBMP-2 treatment group \[[@B69]\]. More recently, Govender and colleagues performed a prospective, randomized, controlled study with 450 patients in 11 countries who had sustained open tibial fractures \[[@B70]\]. They compared outcomes in three groups. The control group received standard-of-care therapy, that is, fracture fixation with intramedullary nailing. The two study groups received standard-of-care therapy and intraoperative placement of an absorbable collagen sponge containing rhBMP-2 at 6 or 12 mg. The treatment group given the higher dose had a 44% reduced risk of requiring a secondary intervention due to delayed union versus the controls \[[@B70]\]. BMP-2 has now been approved by the Food and Drug Administration for human fractures (press release, 21 November 2002, Wyeth Pharmaceuticals Inc., Madison, NJ, USA). Recently, BMP-2, when placed in a sponge in an implant cage device (InFUSE bone graft, Wyeth Pharmaceuticals Inc.), reduced the time to lumbar interbody fusion in humans \[[@B71]\]. BMP-2 had also been approved for lumbar interbody spinal fusion with the InFUSE bone graft device in the United States \[[@B72]\].

Bone morphogenetic protein-7
----------------------------

Like BMP-2, BMP-7 (OP-1) induces ecotopic bone formation *in vivo*, and in preclinical and clinical fracture models it promoted bone repair \[[@B73]-[@B78]\]. In clinical trials, OP-1, delivered with a type-1 collagen carrier, promoted bridging of a critical defect in the fibula of patients that underwent tibial osteotomy \[[@B75]\]. In addition, OP-1 was found to be equivalent to the gold-standard, autogenous bone graft in a clinical study of patients with nonunions \[[@B76]\]. Based on the result of these clinical trials, OP-1 was granted a humanitarian device exemption for the treatment of established nonunions (press release, 17 October 2002, Stryker Inc., Kalamazoo, MI, USA).

Interestingly, the promotion of bone-healing benefits by both BMP-2 and OP-1 is believed to be due to their ability to stimulate the proliferation and differentiation of mesenchymal and osteoprogenitor cells, and both are angiogenic. The angiogenic effect of OP-1 may be direct and with BMP-2 it may be through VEGF.

Fluoride
========

Fluoride has been used for years as an anabolic agent for osteoporosis treatment. It does stimulate the osteoblasts to lay down osteoid and bone mass increases. However, fluoride itself is incorporated into the bone-mineralized matrix, and because fluoroapatite is not as strong as hydroxyapatite, the resulting bone is therefore not as strong as normally mineralized bone \[[@B13]\]. Clinical trials from the early 1990s \[[@B79],[@B80]\] using high-dose fluoride (75 mg twice a day) to treat postmenopausal osteoporosis showed dramatic improvements in lumbar spine BMD in fluoride-treated subjects compared with the placebo group \[[@B79]\]. However, there was no improvement in the incidence of fractures of the lumbar spine and there was an increase in peripheral skeletal fractures with fluoride treatment compared with the control group. In these trials, adverse gastrointestinal effects were common \[[@B79]\]. In a review of the initial studies, investigators believed the subjects may have given too high a dose of fluoride, which weakened the bone matrix. Therefore, additional clinical trials were done using a lower-dose, slow-release formulation (NaF slow release, 25 mg twice a day) and was found to have a better side-effect profile and to give a significant reduction in the risk of lumbar spine fracture in comparison with the placebo group after about 3 years \[[@B81]\]. In addition, a few studies done with fluoride and a bisphosphonate, etidronate, resulted in a synergistic improvement in BMD in men with osteoporosis \[[@B82]\]. These trials were small, however, and the potential therapeutic role of fluoride in the treatment of osteoporosis has yet to be determined. The challenge relating to the use of fluoride as a bone-building agent is to determine a dose that is safe and builds strong bone. It is possible that a low dose of fluoride with a bisphosphonate may be a viable therapy. Since the cost of fluoride is low, from a public health prospective, and the medication has a good safety profile, additional studies to determine fracture reduction should be pursued.

Conclusion
==========

A renewed excitement for anabolic therapies for the treatment of osteoporosis and bone fractures has recently occurred with the approval of rhPTH (1--34), BMP-2, and BMP-7. The use of anabolic therapies has shown increased bone mass, a reduced risk of fracture in individuals with osteoporosis, and increased speed of healing of bone fractures and fusions. However, after demonstrating that anabolic agents are effective, we now need to turn our attention to determining how best to use these powerful growth factors and hormones. The potential for short courses of anabolic therapies followed by maintenance therapy with antiresorptive agents may make it possible for patients with osteoporosis to increase their bone mass and maintain bone strength so that their risk of fracture is reduced. Bone growth factors may provide the opportunity to restore lost bone trabecular structure, followed by a therapy such as PTH that can thicken and further strengthen the bone matrix. The challenge now is to find the most efficacious treatment regimens of anabolic agents to prescribe to patients with osteoporosis.
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![Cell differentiation from mesenchymal stem cells (MSCs) to osteoblasts and osteocytes. Parathyroid hormone (PTH) promotes osteoblast proliferation via several mechanisms. PTH stimulates preosteoblasts (PreOBs) and osteoblasts to make growth factors (GFs), which promote proliferation of MSCs to PreOBs. PTH stimulates the conversion of bone-lining cells to osteoblasts, and it prevents osteoblast and osteocyte apoptosis. BMP, bone morphogenetic protein ; FGF, fibroblast growth factor; IGF-1, insulin-like growth factor 1; TGF-β, transforming growth factor β; VEGF, vascular endothelial growth factor. Adapted from Whitfield \[[@B13]\].](ar797-1){#F1}
